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1.0 SUMMARY 
This r e p o r t  d e s c r i b e s  the  resu l t s  of the f i r s t  phase of a program 
t o  determine the  thermodynamic p r o p e r t i e s  of t he  p r o p e l l a n t ,  Aerozine-50 
(a 1:l mixture of hydrazine and UDMH ), which a r e  t o  be presented i n  u s e f u l  
c h a r t s  and t a b l e s  showing the  corresponding v a l u e s  of e n t h a l p y ,  en t ropy ,  
phase composition, p re s su re ,  temperature and s p e c i f i c  volume. 
* 
The f i r s t  phase of the program has included (1) a survey and 
e v a l u a t i o n  of p e r t i n e n t  data  reported i n  the  l i t e r a t u r e ,  (2 )  s e l e c t i o n  of 
t h e  most a p p r o p r i a t e  methods of c o r r e l a t i n g  the  d a t a  and c a l c u l a t i n g  v a l u e s  
of t he  thermodynamic p r o p e r t i e s ,  ( 3 )  de te rmina t ion  of what d a t a  i s  l ack ing  
o r  u n r e l i a b l e ,  and must be measured, ( 4 )  d e l i n e a t i o n  of t he  experiments and 
techniques t o  accomplish t h i s ,  and (5)  s e l e c t i o n  of t h e  most a p p r o p r i a t e  
means t o  present  t h e  der ived thermodynamic p r o p e r t i e s .  Phase I1 of t h i s  
program w i l l  c o n s i s t  of t h e  f i n a l  design and c o n s t r u c t i o n  of the required 
experimental  a p p a r a t u s ,  t he  performance of the measurements, c o r r e l a t i o n  
of t h e  d a t a  and p repa ra t ion  of the c h a r t s  and t a b l e s .  
The e s t ab l i shmen t  of the thermodynamic p r o p e r t i e s  r e q u i r e s  
s e v e r a l  kinds of d a t a .  These include p-V-T d a t a  f o r  the components, 
hydrazine and UDMH, and t h e i r  mixtures,  a c t i v i t y  c o e f f i c i e n t s  f o r  t he  
l i q u i d  phase, h e a t s  of phase t r a n s i t i o n ,  composition v a r i a t i o n s  f o r  phase 
t r a n s i t i o n s  and thermodynamic funct ions f o r  t he  components i n  the i d e a l  
gas  s t a t e .  Some of t hese  da t a  have been reported f o r  Aerozine-50 i n  the 
l i t e r a t u r e ,  bu t  a l l  a r e  no t  r e l i a b l e .  I n  p a r t i c u l a r ,  t he  survey and 
e v a l u a t i o n  of r epor t ed  d a t a ,  accomplished i n  Phase I, revealed the follow- 
i n g  : 
( a )  Both hydrazine and UDMI-I undergo thermal decomposition a t  moderate 
t o  high temperatures and r e a c t  or  decompose c a t a l y t i c a l l y  when in c o n t a c t  
w i t h  c e r t a i n  m a t e r i a l s ,  even a t  low temperatures.  These c h a r a c t e r i s t i c s  
* 
Uns ymme t r i c a  1 d i m e  t hy  lhyd ra z ine 
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have plagued previous experiments w i th  these  l i q u i d s  and make much of t h e  
d a t a  repor ted  suspec t .  
(b) P e r t i n e n t  da ta  reported f o r  UDMH inc lude  the  en tha lpy  and en t ropy  
of  t h e  i d e a l  gas ,  l a t e n t  h e a t  of vapor i za t ion ,  vapor pressure ,  and the h e a t  
c a p a c i t y  of t he  s o l i d  and l i qu id .  These da t a  appear  t o  be r e l i a b l e ,  except  
the  va lues  of vapor pressure  determined a t  h igher  temperatures  or i n  con- 
t a c t  wi th  mercury (manometric f l u i d ) .  
(c )  P e r t i n e n t  da ta  reported f o r  hydrazine inc lude  the  hea t  capac i ty  
of t h e  s o l i d  and l i q u i d ,  vapor pressure ,  h e a t  of fu s ion ,  l a t e n t  h e a t  of 
v a p o r i z a t i o n  and the en tha lpy  and en t ropy  of the i d e a l  gas .  A l l  these  
d a t a  appear  r e l i a b l e  except  f o r  t h e  d a t a  f o r  vapor pressure  a t  h igh  tempera- 
t u r e s .  
(d) Data reported f o r  mixtures of hydrazine and UDMH inc lude  l i q u i d -  
vapor phase e q u i l i b r i a  (p-T-x-y d a t a ) ,  d e n s i t y  and s p e c i f i c  h e a t  of l i q u i d  
Aeroz ine-  50, and the  f reez ing  compositions i n c  lud i n g  a n  e u t e c t i c  composition 
o f  94 mole p e r  cen t  UDMH. 
From these  r e s u l t s  i t  i s  apparent  t h a t  a d d i t i o n a l  da t a  must be 
measured i n  o rde r  t o  v e r i f y  o r  c o r r e c t  suspec t  va lues  and t o  ob ta in  missing 
va lues .  The types of da t a  needed a r e  the  p-V-T p r o p e r t i e s  of mixtures  of 
UDMH and hydrazine vapors ,  p-T-x-y da ta  f o r  l iqu id-vapor  phase e q u i l i b r i a ,  
t h e  vapor pressure  of t he  f r eez ing  and e u t e c t i c  mixtures ,  and t h e  d e n s i t i e s  
of l i q u i d  Aerozine-50 and hydrazine-r ich mixtures .  I n  order  t o  minimize 
t h e  number of measurements required f o r  t h i s  , empir ica  1 and ana l y t i c a  1 
c o r r e l a t i o n s  have been s e l e c t e d  t o  provide a n  a c c u r a t e  means of i n t e r p o l a -  
t i o n  and e x t r a p o l a t i o n  of d a t a .  These inc lude  the Redlich-Kwong equat ion  
of  s t a t e  ( f o r  p-V-T d a t a )  and a t h ree  cons t an t  c o r r e l a t i o n  of s o l u t i o n  
a c t i v i t y  c o e f f i c i e n t s .  
The pre l iminary  design of the  appa ra tus  f o r  t he  needed exper i -  
ments has  been completed. Measurements of p-V-T p r o p e r t i e s  and phase 
e q u i l i b r i a  w i l l  be obtained with a w e l l - s t i r r e d ,  constant-volume pressure  
c e l l .  Provis ion  w i l l  be made fo r  drawing samples of  the phases p re sen t ;  
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t h e  composition of the  samples w i l l  be determined by gas-chromatography. 
To avoid the  use of  r e a c t i v e  manometric f l u i d s ,  p re s su re  w i l l  be measured 
by a p r e c i s i o n ,  diaphragm- type t ransducer .  A cons tan t  temperature b a t h ,  
sample t r a p s ,  a charging v e s s e l  and vacuum system w i l l  comprise the 
accessory  equipment. 
Since many m a t e r i a l s  e i t h e r  r e a c t  wi th  hydrazine and UDMH o r  
ca t a lyze  t h e i r  decomposition, the i n e r t n e s s  of candida te  m a t e r i a l s  f o r  
t he  experimental  appa ra tus  m u s t  be proved exper imenta l ly .  For t h i s  pur -  
pose t h e  materials w i l l  be immersed i n  the l i q u i d  and vapor of UDMH- 
hydrazine mixtures  f o r  s e v e r a l  hours a t  s e l e c t e d  temperatures .  Reaction 
or decomposition w i l l  be de t ec t ed  by chemical a n a l y s i s  of t h e  l i q u i d  and 
comparison of vapor p re s su re  measurements a t  a given temperature .  
Pure samples of UDMH and hydrazine f o r  the experiments  w i l l  be  
obtained by f r a c t i o n a l  d i s t i l l a t i o n ,  a t  room temperature and reduced 
p res su re ,  of t h e  commercially a v a i l a b l e  materials. 
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2.0  INTRODUCTION 
The thermodynamic properties of Aerozine-50 (a 1:l mixture  of * 
hydrazine and UDMH ) a r e  of  major importance t o  r e sea rch ,  development 
and des ign  e f f o r t s  concerning the  use of  Aerozine-50 a s  a p r o p e l l a n t  o r  
h y d r a u l i c  working- f l u i d  i n  space propuls ion  systems. Recent s t u d i e s  
have shown t h a t  upon exposure t o  a low-pressure environment,  Aerozine-50 
can undergo rap id  evapora t ive  cool ing ,  and both composi t ion and phase 
changes,  i nc lud ing  f r eez ing .  When used a s  a f u e l  i n  a rocke t  engine these  
phenomena can,  i n  t u r n ,  produce severe and even extremely dangerous i g n i -  
t i o n  i r r e g u l a r i t i e s ,  such a s  delayed and explos ive  i g n i t i o n .  Other 
s tud ie s24  have demonstrated t h a t  Aerozine-50,when used a s  a hydrau l i c  
f l u i d  f o r  t h e  a c t u a t i o n  of p rope l l an t  va lves ,  can f r e e z e  upon l eak ing  o r  
i n t e n t i o n a l  ven t ing  i n t o  a vacuum and thereby o f t e n  cause severe rnalfunc- 
t i o n s  of t h e  va lve .  Understanding these  and o t h e r  problems and p r e d i c t i n g  
t h e i r  e x t e n t  r e q u i r e s  knowledge of t he  thermodynamic p r o p e r t i e s  of 
Aerozine-50. Unfortunately,  much of t he  da t a  needed t o  e s t a b l i s h  these  
p r o p e r t i e s  does not  e x i s t .  
2 
On December 27, 1966, a program was undertaken t o  o b t a i n  t h e  
needed da ta  and t o  prepare t a b l e s  and c h a r t s  of the  d e s i r e d  thermodynamic 
p r o p e r t i e s .  The program i s  divided i n t o  two phases.  The purposes of the 
f i r s t  phase a r e :  (1)  t o  accumulate and e v a l u a t e  d a t a ,  repor ted  i n  the 
l i t e r a t u r e ,  f o r  the  thermal and phys ica l  p r o p e r t i e s  of the  pure components, 
hydraz ine  and UDMH, and t h e i r  mixtures;  ( 2 )  t o  dec ide  what remaining da ta  
must be determined by experiment;  ( 3 )  t o  se lec t  a p p r o p r i a t e  techniques f o r  
c o r r e l a t i n g  the  va r ious  da t a  i n  order  t o  minimize the  amount of  expe r i -  
mentat ion.  The second phase involves  the  needed exper imenta t ion ,  f i t t i n g  
the  da ta  t o  appropr i a t e  equat ions  of s t a t e  and o t h e r  c o r r e l a t i o n s ,  and 
~ * Unsymme t r i c a  1 d i m e  thy lhyd raz i n e  
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f i n a l l y ,  c a l c u l a t i o n  and p resen ta t ion  of t h e  p r o p e r t i e s  de r ived  from the  
da t a  . 
This r e p o r t  summarizes the r e s u l t s  of the f i r s t  phase of t h i s  
program. 
The da ta  required t o  c a l c u l a t e  v a l u e s  of enthalpy and entropy f o r  
Aerozine-50 a r e  d i scussed  i n  Sect ion 3 . 0 ,  and the  p o r t i o n  of these data  which 
have been found i n  t h e  l i t e r a t u r e  i s  discussed i n  Sec t ion  4.0. The proposed 
c o r r e l a t i o n s  of experimental  data and techniques f o r  c a l c u l a t i n g  the thermo- 
dynamic p r o p e r t i e s  from the data a r e  descr ibed i n  S e c t i o n  5.0. A general  
d e s c r i p t i o n  of the experimental  procedures and a p p a r a t u s  t o  be used t o  
o b t a i n  the missing da ta  a r e  described i n  Sec t ion  6.0. The p r e s e n t a t i o n  of 
t h e  computed p rope r ty  data  i s  discussed i n  S e c t i o n  7.0.  
2- 2 
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3.0 DATA REQUIRED TO CALCULATE THERMODYNAMIC PROPERTIES 
I n  gene ra l ,  the  c a l c u l a t i o n  of en tha lpy  and en t ropy  f o r  a l l  
s t a t e s  may be accomplished from the  fol lowing d a t a :  
1) idea l -gas  enthalpy and en t ropy ,  
2 )  equat ion  of s t a t e  f o r  the  vapor and condensed phases ,  
3 )  h e a t s  of phase t r a n s i t i o n  and mixing, 
4 )  h e a t  capac i ty ,  and 
5 )  phase e q u i l i b r i a .  
Figure 3-1 i s  a schematic pressure- temperature  diagram f o r  the 
system Aerozine-50, cons t ruc ted  wi th  the a i d  of a v a i l a b l e  d a t a .  The 
diagram c o n s i s t s  of s i x  s i n g l e -  o r  multi-phase reg ions .  The condensed 
phases a r e  separa ted  from the vapor phase by a two-phase r eg ion  bounded 
by bubble-point  and dew-point curves .  The reason f o r  t h i s  i s  t h a t  a two- 
component system gene ra l ly  does not  vaporize congruent ly .  Thus, vapor i n  
equ i l ib r ium ( a t  the  bubble po in t )  wi th  l i q u i d  Aerozine-50 does not have 
the  same composition a s  the  l i q u i d ,  bu t  w i l l  have a h igher  concent ra t ion  
of  t h e  more v o l a t i l e  component, UDMH. S i m i l a r l y ,  the l i q u i d  i n  e q u i l i -  
brium ( a t  the  dew p o i n t )  wi th  vapor of Aerozine-50 composition i s  r i c h e r  
i n  the  less v o l a t i l e  component, hydrazine.  I n  between the bubble-point  and 
dew-point curves  , the  l i q u i d  phase has  compositions progress ing  from 100 percent  
Aerozine-50 t o  t h a t  i n  equi l ibr ium w i t h  gaseous Aerozine-50. 
s ta tement  holds  f o r  t h e  compositions of the vapor.  
An analogous 
A t  h igh tempera t u r e s  and p res su res  the  bubble-point  and dew-point 
curves  Send over  towards each o the r  and meet, forming a loop. The top of 
t h i s  loop corresponds t o ,  o r  r ep laces ,  t he  c r i t i c a l  po in t  of a one-component 
system. However, the  maximum temperature and maximum pressure  f o r  the 
e x i s t e n c e  of d i s t i n c t  vapor and l i q u i d  phases occur  a t  s epa ra t e  po in t s ,  
t he  p l a i t  po in t  and con tac t  po in t ,  r e s p e c t i v e l y .  Analogous t o  the condi- 
t i o n  a t  the  c r i t i c a l  po in t  of a single-component system, the  en tha lpy  of 
vapor i za t ion  (hea t  of vapor iza t ion)  a t  the c o n t a c t  po in t  i s  zero .  
3- 1 
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SI - Solid Hydrazine 
- Eutectic (approximately 97% UDMH) %I 
PTPI  - Pseudo Triple Point I 
PTPII - Pseudo Triple Point I1 
QP - Quadriple Point 
Figure 3.1. Schematic Pressure - Temperature Diagram 
of the  System Aerozine-50. 
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Aerozine-50 does not  have a t r u e  t r i p l e  po in t  a t  which congruent 
f r eez ing  occurs .  In s t ead  a "quadruple poin t"  (QP) and two "pseudo- t r i p l e -  
po in t s "  (PTP) e x i s t .  The f i r s t  "pseudo- t r ip le -poin t" ,  PTP-I i n  Figure 3 - 1 ,  - 
occurs  a t  approximately - 8 O C  and 30 t o r r s .  
curve from PTP-I t o  QP, by s imultaneously lowering the  temperature and 
pressure  of the  mixture ,  S (hydrazine)  f r e e z e s  a s  the  l i q u i d  becomes en- 
r iched i n  UDMH. When QP i s  reached ( a t  approximately -61OC) the  l i q u i d  
has  the e u t e c t i c  composition (approximately 94 p e r  c e n t  UDMH) a t  which i t  
f r e e z e s  congruent ly .  
Following the  vapor-pressure 
I 
To q u a n t i t a t i v e l y  cons t ruc t  t h i s  phase diagram, p-T-x da ta  a long  
a l l  of the  boundaries  of t he  va r ious  reg ions  a s  we l l  a s  p-T-x da ta  w i t h i n  
t h e s e  reg ions  a r e  r equ i r ed .  Table 3.1 summarizes the  da ta  required t o  
c a l c u l a t e  va lues  of en tha lpy  and en t ropy  wi th in  the va r ious  regions of the  
phase diagram f o r  Aerozine-50. 
I n  the  vapor reg ion ,  V(A-50), t he  c a l c u l a t i o n  of en tha lpy  and 
en t ropy  r e q u i r e s  da ta  f o r  the  i d e a l  gas p r o p e r t i e s  of the pure components 
and a n  equat ion  of s t a t e  f o r  the mixture .  
I n  the  l iqu id-vapor  region:  L-V, va lues  of l a t e n t  h e a t s  of 
vapor i za t ion  f o r  the pure components and h e a t s  of mixing f o r  t he  va r ious  
l i q u i d  mixtures  a s  func t ions  of  temperature a r e  needed. The l a t t e r  a r e  
r e l a t e d  t o  the  a c t i v i t y  c o e f f i c i e n t s  of the components of the mixture which 
a r e  r e a d i l y  c a l c u l a t e d  from da ta  f o r  phase composition and t o t a l  p re s su res .  
I n  o rde r  t o  compute the en t ropy  and en tha lpy  va lues  f o r  each vapor composi- 
t i o n  equ i l ib r ium wi th  the var ious  l i q u i d  phases , the  composition dependency 
of the cons t an t s  of t he  equat ion  of s t a t e  f o r  the  vapor phase must be 
known. 
I n  t h e  condensed phase reg ions ,  L(A-50), SI-L, and S - S  h e a t  I 11' 
c a p a c i t y  a t  cons t an t  p re s su res ,  h e a t s  of phase t r a n s i t i o n ,  and idea l -gas  
proper ty  da ta  a r e  needed t o  c a l c u l a t e  enthalpy and entropy va lues  versus  
temperature . The pressure  dependency of t hese  p rope r t i e s  i n  condensed 
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TABLE 3 . 1  
Data Required f o r  Ca lcu la t ion  of 
Thermodynamic P r o p e r t i e s  
Phase Region 
Vapor 
Liquid-  va por 
Liquid 
S ol i d  - va por 
Sol id-  l i q u i d  
So l id  
Data Required Data Avai lab le  
p-V-T, Ideal-  gas en tha lpy  Ideal-  gas  en tha lpy  and 
and entropy.  entropy.  
p-V-T,  Idea l -gas  en tha lpy  Idea l -gas  p r o p e r t i e s  , 
and entropy,  l a t e n t  h e a t s  pure component l a  t e n t  
of vapor i za t ion  of pure h e a t s  of vapor i za t ion  
components, a c t i v i t y  coef-  (UDMH l imi t ed )  , vapor 
f i c i e n t s ,  l i q u i d  d e n s i t y ,  p ressure  (some), and 
vapor pressure .  a c t i v i t y  c o e f f i c i e n t  
(some), l i qu id  dens i ty  
(some). 
Densi ty ,  Heat capac i ty .  Density (some) , h e a t  
c a p a c i t y  (some). 
Vapor pressure , h e a t  of Vapor pressure  , d e n s i t y  
subl imat ion and d e n s i t y  of s o l i d  hydrazine.  
of s o l i d  hydrazine , proper- 
t i e s  of the e u t e c t i c  mixture ,  
vapor composition o r  p re s su re .  
Heat capac i ty ,  d e n s i t y ,  Density and h e a t  capac i ty  
l i q u i d  composition, hea t  of of s o l i d  hydrazine , h e a t  
fu s ion ,  vapor composition of fus ion  of hydrazine , 
o r  pressure.  vapor pressure  of hydra- 
z i n e ,  l i q u i d  composition. 
Conposi t i on  , hea t ca pa c i  t y  , Camposition, h e a t  capac i ty  
d e n s i t y  . and dens i ty  of s o l i d  
hydra z i n e  . 
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phases  i s  n e g l i g i b l e  a t  p re s su res  w e l l  below the  c r i t i c a l  p o i n t .  
In a d d i t i o n  t o  these d a t a ,  l i q u i d  and s o l i d  phase d e n s i t i e s  must 
be a v a i l a b l e  i n  o rde r  t o  r e l a t e  the thermodynamic p r o p e r t i e s  t o  volume. 
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4.0 DATA AVAILABLE AND EVALUATION 
I n  gene ra l ,  a l l  measurements of p r o p e r t i e s  of hydrazine o r  UDMH 
made a t  high temperatures  a r e  suspect  s i n c e  both of these  compounds a r e  
. A t  lower known t o  undergo spontaneous , thermal decomposition 1 Y 3 ,4 ,5  , 6  
temperatures ,  hydrazine i s  known t o  be s u s c e p t i b l e  t o  heterogeneous o r  
ca t a lyzed  decomposition, p a r t i c u l a r l y  i n  the  presence of c e r t a i n  metals  
( inc luding  mercury) 
1 , 1 7  c e r t a i n  p re s su res  and temperatures . 
. Even s i l i c a  w i l l  i n i t i a t e  decomposition a t  15 , 16 
I n  a d d i t i o n ,  t h e  pu r i ty  of t he  samples used i n  ob ta in ing  the  
measurements has  a n  inf luence  on the  accuracy of t he  d a t a .  
t h e r e  was l i t t l e  o r  no information given about  t h e  chemical p u r i t y  o r  the  
p repa ra t ion  of  t he  samples u s e d .  
I n  some c a s e s ,  
Table 3.1 a l s o  summarizes the  da ta  which a r e  a v a i l a b l e  f o r  the  
computation of thermodynamic p rope r t i e s .  These da t a  a r e  d iscussed  i n  the  
fo l lowing  paragraphs.  
4.1 PURE COMPONENTS 
4.1.1 Unsymme t r i c a  1 dimethylhydrazine 
Aston e t  a18 have reported a value of the  idea l -gas  en t ropy  of 
UDMH a t  248.16'K equa l  t o  72.82 f 0.20 e . u ,  which was ca l cu la t ed  from 
c a l o r i m e t r i c  d a t a ,  and a value of 70 .70  e .u .  f o r  the  t r a n s  form and 72.30 e .u .  
f o r  the  gauche form, which were ca l cu la t ed  from spec t roscop ic  and molecular 
s t r u c t u r e  d a t a .  The au tho r s  s t a t e  t h a t  s ince  the  t r a n s  form has  a h igher  
energy than the  gauche form, the t r a n s  form e x i s t s  i n  n e g l i g i b l e  q u a n t i t i e s  
a t  room temperature .  Therefore,  t h e  agreement between the  va lues  of 
en t ropy  c a l c u l a t e d  from the  two  sets of da ta  i s  very good. 
The same a u t h o r s  r e p o r t  a n  experimental  value of 8366 k 16 cal. /mole 
f o r  the  l a t e n t  h e a t  of  vapor iza t ion  of UDMH a t  298.16'k based on c a l o r i m e t r i c  
da t a  and a value of 8353 cal./mole based on vapor p r e s s u r e  da t a .  
ag ree  wi th in  about  0.2%. 
UDMH were repor ted  i n  the temperature range from 13' t o  287'K. 
These 
Data f o r  the hea t  capac i ty  of s o l i d  and l i q u i d  
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The vapor pressure  of UDMH has been measured by Aston i n  the  
temperature range from 237' t o  287.16'K, by Panne t i e r  and Mignotte" i n  the 
range from -+ 35' t o  -+ 65'C, and by Chang and Gokcen 9 i n  t he  range from 
-25'C t o  +35'C. 
The da ta  repor ted  by Aston and coworkers ( i d e a l - g a s  en t ropy ,  
hea t  of  vapor i za t ion ,  s o l i d  and l i q u i d  h e a t  capac i ty ,  and vapor p re s su re )  
appear  t o  be r e l i a b l e .  
t h e  f r a c t i o n  of sample melted,  t h e  so l id - inso lub le  , l i q u i d - s o l u b l e  impur- 
i t y  was computed t o  be only 0.01 mole percent .  Also,  s ince  the  measurements 
were made a t  o r  below room temperature,  t h e  UDMH probably d i d  not decompose 
thermally t o  a s i g n i f i c a n t  degree. There i s  a s l i g h t  p o s s i b i l i t y  t h a t  
heterogenous o r  ca ta lyzed  decomposition d i d  occur,  however. The c a l o r i -  
meter and t h e  r e s i s t a n c e  thermometer used f o r  ob ta in ing  the  da ta  from 
which the  h e a t  c a p a c i t i e s  were ca lcu la ted  were made of  platinum, and the 
vapor p re s su res  were measured with a mercury manometer. 
meta ls  a r e  known t o  ca t a lyze  the decomposition of hydrazine ,and they may 
cause s i m i l a r  r e a c t i o n s  wi th  UDMH. 
From the v a r i a t i o n  of t r i p l e -  p o i n t  temperature wi th  
Both of these 
Chang and Gokcen have reported da ta  f o r  the  vapor pressure  of 
UDMH i n  t h e  temperature range from - 2 5 O  t o  +35'C. I n  gene ra l ,  t h e i r  da ta  a r e  
h ighe r  than those repor ted  by Aston ,  and Pannet ie r  and Mignotte a t  low 
tempera tures ,  bu t  a r e  lower a t  higher  temperatures .  (Chang and Gokcen 
made t h i s  comparison by e x t r a p o l a t i n g  each of the t h r e e  s e t s  of da ta  t o  
cover  the  temperature range from -25' t o  +75OC). The reason given f o r  
d i f f e r e n c e s  i n  the  th ree  s e t s  of da ta  i s  t h a t  the t e s t  samples employed 
by Chang and Gokcen were of h igher ,  i n i t i a l  chemical p u r i t y .  However, 
they s t a t e  t h a t  t he  UDMH vapor i n  t h e i r  samples may have decomposed due 
t o  the presence of the  mercury i n  t h e i r  manometers. 
4.1.2 Hydrazine 
S c o t t  e t  a 1  have reported experimental  da ta  f o r  the  h e a t  7 
capac i ty  of s o l i d  and l i q u i d  hydrazine i n  the temp r a t u r e  range from 12' 
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t o  34OoK, the  vapor pressure  fo r  t h e  s o l i d  a t  O°C and f o r  t he  l i q u i d  i n  the 
range from 0' t o  145OC, and t h e  hea t  of fu s ion ,  3025 cal . /mole.  The l a t e n t  
h e a t  of vapor i za t ion ,  10,700 75 ca l . /mole ,  was c a l c u l a t e d  from the  vapor 
p re s su re  d a t a .  The idea l -gas  entropy a t  298.16OK and 1 atmosphere pressure  
c a l c u l a t e d  from the  c a l o r i m e t r i c  da t a  i s  56.97 k 0.30 e .u .  The va lue  of 
en t ropy  c a l c u l a t e d  from spec t roscopic  and molecular  s t r u c t u r e  d a t a  i s  
57.41 e .u .  Free energy,  enthalpy,  h e a t  c a p a c i t y ,  and en t ropy  va lues  were 
c a l c u l a t e d  from the  s p e c t r a l  and s t r u c t u r a l  da ta  i n  the temperature range 
from 298' t o  1500OK. 
From a s tudy of t h e  melting p o i n t  a s  a func t ion  of the  f r a c t i o n  
mel ted ,  t hese  a u t h o r s  es t imated  t h a t  t h e i r  samples used f o r  the c a l o r i -  
m e t r i c  measurements were 99.75 mole percent  hydrazine and t h a t  t he  major 
impur i ty  was water .  They e s t i m a t e  the  maximum u n c e r t a i n t y  of t he  va lues  
of h e a t  c a p a c i t y  t o  be 0.3%, r e s u l t i n g  p r imar i ly  from the  presence of 
water  i n  the  s a m p l e s .  
The s m a l l  amount of w a t e r  i n  the  samples had a more s i g n i f i c a n t  
e f f e c t  on t h e  vapor  pressure measurements. The a u t h o r s  p u r i f i e d  t h e i r  
hydrazine samples f u r t h e r  by vacuum d i s t i l l a t i o n ,  r e t a i n i n g  the f i r s t  20% 
t o  b o i l  over f o r  vapor pressure  measurements. They compared t h e i r  measure- 
ments wi th  those repor ted  by Hieber and Woerner . The l a t t e r  da ta  were 
c o n s i s t e n t l y  lower, and the  conclusion w a s  t h a t  t he  hydrazine samples used 
by Hieber and Woerner conta ined  more water. 
23 
Chang and Gokcen reported experimenta 1 measurements of vapor 
p re s su re  over  the  temperature range from 3 O  t o  52OC. Thei r  da t a  a r e  some- 
what h ighe r  than those repor ted  by S c o t t  e t  a 1  and Hieber and Woerner i n  
t h i s  temperature i n t e r v a l .  They suggested t h a t  t h e i r  da ta  a r e  the  most 
a c c u r a t e ,  because they bel ieved t h a t  t h e i r  t e s t  samples were more pure than 
t h o s e  used by the  o t h e r  i n v e s t i g a t o r s .  The da ta  of Fannet ie r  and Mignotte,  
obtained over  the range from about 84O t o  113OC, were ex t r apo la t ed  t o  cover 
t h e  temperature  range i n  which Chang and Gokcen made t h e i r  measurements. 
The c a l c u l a t e d  da ta  were lower, and Chang and Gokcen a t t r i b u t e  t h i s  f a c t  
t o  t he  p o s s i b i l i t y  t h a t  the samples used by Panne t i e r  and Mignotte contained 
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a s i g n i f i c a n t  amount of water.  
4.1.3 General Remarks 
Since t h e r e  a r e  va r ious  u n c e r t a i n t i e s  i n  the  da t a  r epor t ed  f o r  
t h e  pure components, some of t h e  v a l u e s  should be checked expe r imen ta l ly .  
It i s  l i k e l y  t h a t  t h e  d a t a  reported f o r  s o l i d  and l i q u i d  phases a t  low 
temperatures  a r e  r e l i a b l e  because decomposition should be slow a t  reduced 
temperatures.  However, a t  higher  temperatures  the decomposition r a t e s  
a r e  h i g h e r .  A s  a r e s u l t ,  a f e w  measurements of vapor p re s su re  w i l l  be 
made wi th  both pure components a t  temperatures  somewhat above room tempera- 
t u r e .  The appa ra tus  t o  be used f o r  t h i s  w i l l  be the  same a s  t h a t  used f o r  
measurements w i th  the mixtures ,  and i t  w i l l  be f a b r i c a t e d  from m a t e r i a l s  
which a r e  i n e r t  with respect t o  both hydrazine and UDMH. 
4.2 MIXTURES 
Since no p - V - t  da t a  f o r  Aerozine-50 vapor have been found i n  the 
l i t e r a t u r e ,  i t  w i l l  be necessary t o  o b t a i n  these data  by experiment o r  
a n a l y s i s .  Because of the s h o r t  period of t i m e  allowed f o r  t he  experimental  
p o r t i o n  of t h i s  program, only a minimal amount of experimental  d a t a  w i l l  
be accumulated. I n t e r p o l a t i o n  and e x t r a p o l a t i o n  of t h i s  data  w i l l  be 
accomplished by employing an  appropr i a t e  equa t ion  of s t a t e  a s  discussed 
i n  s e c t i o n  5.1. 
The i d e a l - g a s  p r o p e r t i e s  of t he  mixture w i l l  be c a l c u l a t e d  from 
the p r o p e r t i e s  of the pure components a s  discussed i n  s e c t i o n  5.1. 
Chang and Gokcen' have s t u d i e d  the l iquid-vapor  phase e q u i l i b r i a  
f o r  mixtures  of UDMH and hydrazine i n  the  temperature range from 0' t o  
2OOC. The compositions of the c o - e x i s t i n g  phases were determined from 
measurements of t he  r e f r a c t i v e  index of samples of the l i q u i d  and condensed 
samples of the  vapor. I n  a s epa ra t e  set  of experiments,  t h e  vapor p r e s -  
s u r e s  over l i q u i d  mixtures  of known composition were measured wi th  a 
mercury manometer . 
Panne t i e r  and Mignotte" reported i s o b a r i c  da t a  f o r  l i qu id -vapor  
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phase e q u i l i b r i a  of mixtures  i n  the pressure range from 250 t o  760 mm. 
Phase compositions were determined from measurements of r e f r a c t i v e  index. 
The temperature range corresponding t o  these  da t a  was approximately 35' t o  
112OC. 
Chang and Gokcen made a g r a p h i c a l  comparison between t h e i r  
pressure-composition d a t a  obtained a t  
obtained by e x t r a p o l a t i n g  the data  of 
t u r e  of 20'C. There was cons ide rab le  
d a t a  . 
Both of t hese  se t s  o f  d a t a ,  
20'C and a set  of da t a  which they 
Panne t i e r  and Mignotte t o  a tempera- 
d e v i a t i o n  between the two se t s  of 
9 those reported by Chang and Gokcen 
and those r epor t ed  by P a n n e t i e r  and Mignotte", were shown t o  be thermo- 
dynamically i n c o n s i s t e n t  by means of a c r i t e r i o n  der ived from the Gibbs- 
Duhem equa t ion  by Scatchard and Raymond . I n  t h i s  tes t ,  t he  dew p o i n t  
p re s su re  i s  c a l c u l a t e d  from the measured compositions of the e q u i l i b r i u m  
phases and i s  compared t o  the measured p res su res .  The c a l c u l a t i o n  i s  made 
assuming i d e a l  vapor behavior and n e g l i g i b l e  molar volume of t he  l i q u i d  
compared t o  t h a t  of t he  vapor. These assumptions a r e  reasonable  because 
of t h e  low p res su res  involved. Since the t e s t  a p p l i e s  only a t  cons t an t  
temperatures ,  the i s o b a r i c  data  was converted t o  isothermal  form by c ross -  
p 1 o t  t i n g  . 
9 
There a r e  s e v e r a l  poss ib l e  exp lana t ions  f o r  the incons i s t ency  
of t h e s e  d a t a .  The test  samples used by the  i n v e s t i g a t o r s  may have decom- 
posed due t o  c a t a l y s i s  o r  chemical r e a c t i o n  wi th  the conf in ing  v e s s e l  o r  
w i t h  mercury i n  t h e  manometers. The samples may have undergone spontaneous,  
thermal decomposition p a r t i c u l a r l y  i n  the  high temperature region i n  which 
P a n n e t i e r  and Mignotte made t h e i r  measurements. 
Another set  of p-x-y vapor- l iquid e q u i l i b r i a  d a t a  have been 
r epor t ed  by Liberto14, without  reference t o  the source o r  t o  the  experimental  
c o n d i t i o n s  under which i t  was obtained. 
Because of t he  va r ious  u n c e r t a i n t i e s  i n  the reported vapor- l i q u i d  
e q u i l i b r i a  d a t a ,  i t  w i l l  be necessary t o  o b t a i n  new da ta  f o r  t he  p re s su re  
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and temperl 'ture r eg ions  a l r e a d y  i n v e s t i g a t e d .  The appa ra tus  t o  be used f o r  
t h i s  purpose must be f a b r i c a t e d  from m a t e r i a l s  which do no t  r e a c t  w i th  
hydrazine and UDMH o r  ca t a lyze  t h e i r  decomposition. On the  o t h e r  hand i t  i s  
p o i n t l e s s  t o  a t tempt  measurements a t  a temperature , above which s i g n i f i c a n t  
thermal decomposition occurs.  This temperature l i m i t  remains t o  be determined. 
Data f o r  the  d e n s i t y  of p rope l lan t -grade  Aerozine-50 l i q u i d  have 
12 been repor ted  by Aero je t  f o r  the temperature range from Oo t o  16O0F. These 
da t a  a r e  averages  f o r  var ious  l i qu id  mixtures  con ta in ing  amounts of impuri- 
t i es  w i t h i n  the  l i m i t s  of use s p e c i f i c a t i o n s .  A s  a r e s u l t ,  the  da t a  e x h i b i t  
cons iderable  s c a t t e r ;  and, t he re fo re ,  more c o n s i s t e n t  da t a  must be obtained 
by making measurements wi th  pure samples. 
Data f o r  the  s p e c i f i c  hea t  of propel lanc-grade Aerozine-50 l i q u i d  
have been repor ted  by L ibe r to  a t  two temperatures:  81.2'F and 101.8'F. 
The da ta  a r e  w i t h i n  0.5% of t h e  values  c a l c u l a t e d  by Aero je t  a t  the  same 
temperatures .  The Aero je t  c a l c u l a t i o n s  were performed over  the  temperature 
range from 21' t o  450OF. 
l i q u i d  w i l l  be computed from other  k inds  of da t a  (hea t  of mixing, i d e a l  gas 
p r o p e r t i e s ,  e t c .  (See s e c t i o n  5.0)), t he  s p e c i f i c  h e a t  da t a  d iscussed  above 
w i l l  be used t o  c a l c u l a t e  property va lues  f o r  comparison purposes only.  
The Aero je t ,  c a l c u l a t e d  da ta  should be q u i t e  adequate f o r  t h i s  purpose,  a t  
least  a t  the  lower temperatures  where they compare favorably  wi th  expe r i -  
mental  da t a  . 
Since the va lues  of en tha lpy  and en t ropy  f o r  the 
The temperatures  and compositions of the  condensed phases a long  
t h e  curves  PTP-I1 and PTP-I and PTP-I t o  QP (see Figure 3.1) have been 
de temined13 '  14. The da ta  reported 3y McMillan13 a r e  probably t h e  z o s t  
r e l i a b l e ,  because these  i n v e s t i g a t o r s  prepared t h e i r  test  mixtures  from 
very  pure hydrazine and UDMH. They r e p o r t  a e u t e c t i c  a t  94 mole percent  
UDMH mel t ing  a t  214'K. (Poin t  QP, Figure 3.1).  The po in t  PTP-I1 has no t  
been determined, nor  h a s  the  pressure v a r i a t i o n  a long  the  curves  PTP-I1 t o  
PTP-I and PTP-I t o  QP. 
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5.0 CORRELATIONS AND THERMODYNAMIC COMPUTATIONS 
5 .1  VAPOR REGION 
18 
appears  t o  be w e l l  s u i t e d  f o r  c o r r e l a t i n g  p-V-T d a t a  of t h e  vapor phase.  
This  equat ion  i s  (see  Table 5-1,  page 5-9, f o r  nomenclature):  
Wilson 's  mod i f i ca t ion  of  t he  Redlich-Kwong equa t ion  of s t a t e  
(5  1) 
The c o n s t a n t ,  b y  i s  independent of  temperature  and is  eva lua ted  from t h e  
composi t ion o f  t h e  vapor mixture  and t h e  c r i t i c a l  p r o p e r t i e s  of t h e  pu re  
components. App l i ca t ion  t o  Aerozine-50 y i e l d s :  
b mix = 0 ,0865  R I(?), + (e) ]
U 
(5.2) 
C 
T 
The c o e f f i c i e n t ,  f (  T,W ), i s  dependent on tempera ture  and P i t z e r ' s  
a c e n t r i c  f a c t o r ,  w. For a mixture ,  f i s  taken  t o  be  t h e  molar average  
of t h e  va lues  f o r  t h e  pure  components, which f o r  a mixture  of hydraz ine  
and UDMH i s  
mix 
For a pure  component, f can be  computed from t h e  r e l a t i o n  
T T 
f ($,w) = 4.934 [ 1 + (1.57 + 1.62w)($ - 1) 1 , (5.4) 
Values of t h e  acentr ic  f a c t o r  have been t a b u l a t e d  as a func t ion  of  reduced 
temperature .  19  
The v a l i d i t y  of t h i s  equat ion of  s ta te  may be  t e s t e d  by compari- 
son of  exper imenta l  and c a l c u l a t e d  va lues  of p-V-T d a t a .  I f  t h e r e  i s  
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s e r i o u s  d e v i a t i o n  then  equat ions  5.1 through 5.4 may s t i l l  b e  used, regard ing  
b ,  T and w as a d j u s t a b l e  parameters f o r  curve f i t t i n g .  For Aerozine-50 and 
o t h e r  hydrazine-UDMH mixtures  t h i s  gives a t o t a l  of s i x  such parameters .  
C 
Once t h e  p-V-T d a t a  have been c o r r e l a t e d  wi th  an 
s t a t e ,  va lues  of en tha lpy  and entropy may be computed from 
H = Ho(T) + fH(T,p) = Ho(T) + PV - RT - 
and 
S = So(T) + fS(T,p)  = So(T) - j1f - (g) 1 
P T  P 
equat ion  of 
t h e  r e l a t i o n s ,  
T ( S )  ] dV (5.5) 
V T  
(5.6) 
where t h e  i n t e g r a l s  are eva lua ted  using t h e  equat ion  of state. 
The q u a n t i t i e s ,  H o ( T )  and S"(T), are t h e  en tha lpy  and entropy ( a t  
u n i t  fugac i ty )  of t h e  i d e a l  gas ,  r e spec t ive ly ,  f o r  t h e  vapor mixture  and are 
c a l c u l a t e d  from t h e  corresponding va lues  f o r  t h e  pure components us ing  t h e  
r e l a t i o n s h i p s ,  
5.2 LIQUID-VAPOR REGION 
The c a l c u l a t i o n  of enthalpy and entropy va lues  i n  t h e  l iquid-vapor  
r e g i o n  (Figure 3 .1 )  i s  a two-part  process ,  s i n c e  two phases e x i s t  i n  e q u i l i -  
brium. The thermodynamic p r o p e r t i e s  f o r  t h e  vapor phase can be eva lua ted  by 
t h e  method d iscussed  i n  t h e  previous s e c t i o n ,  provided t h e  concen t r a t ion  
dependency of t h e  cons t an t s  of t h e  equat ion  of s t a t e  have been e s t a b l i s h e d .  
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If i t  i s  found t h a t  Wilson's modi f ica t ion  of  t h e  Redlich-Kwong equat ion  
a c c u r a t e l y  p r e d i c t s  t h e  p-V-T data  f o r  t h e  vapor reg ion ,  then  t h e  ex tens ion  
of t h i s  method i n t o  t h e  l iquid-vapor r eg ion  w i l l  be  s t r a igh t fo rward .  How- 
ever ,  i f  t h e  cons t an t s  of t h e  equat ion must be t r e a t e d  as a d j u s t a b l e ,  curve- 
f i t t i n g  parameters ,  then  a d d i t i o n a l  p-V-T d a t a  f o r  UDMH-rich mixtures  must 
be obta ined  t o  determine t h e  concent ra t ion  dependence of t h e  cons t an t s .  
The thermodynamic p r o p e r t i e s  of t h e  equ i l ib r ium l i q u i d  phase may 
be eva lua ted  from t h e  r e l a t i o n s h i p s :  
H m i x  x h h  FI + xu iiu (5.9) 
and 
- 
'mix - x h h  s + x u s u  . (5.10) 
For a component i n  s o l u t i o n ,  t h e  par t ia l  molal en tha lpy  and entropy are given 
by t h e  equat ions :  
and 
- 
H (5.11) 
(5.12) 
r e s p e c t i v e l y .  The second t e r m s  in each of t h e s e  equat ions  are def ined  by 
equa t ions  5.5 and 5.6, bu t ,  i n  t h i s  c a se  they  apply t o  t h e  pure components. 
The t h i r d  terms are t h e  en tha lpy  and en t ropy  of vapor i za t ion  of t h e  pure  
components, and t h e  f o u r t h  terms a r e  t h e  en tha lpy  and entropy of mixing. 
Enthalpy and entropy of mixing a re  r e a d i l y  eva lua ted  from composi- 
t i o n  and p res su re  measurements i f  t h e  l i q u i d  phase i s  a r e g u l a r  s o l u t i o n .  
I n  t h i s  case t h e  en tha lpy  of mixing f o r  a component i n  s o l u t i o n  i s  equal  t o  
the excess p a r t i a l  f r e e  energy and i s  given by t h e  r e l a t i o n  
= RT In y , AHmix 
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where y i s  t h e  a c t i v i t y  c o e f f i c i e n t  of t h e  component i n  s o l u t i o n .  
of mixing f o r  a r e g u l a r  
The entropy 
so lu t ion  i s ? t h e  corresponding i d e a l  s o l u t i o n  va lue :  
"mix -R In x ( 5 . 1 4 )  
The a c t i v i t y  c o e f f i c i e n t  f o r  a component i n  s o l u t i o n  may be de f ined  
by t h e  r e l a t i o n  
(5.15) 
0 where p i s  t h e  vapor p r e s s u r e  of t h e  pure  component, i, a t  t h e  same t e m -  
p e r a t u r e .  
be  i d e a l  and acco rd ing ly  t h e  fugac i ty  of t h e  component i s  g iven  by t h e  w e l l  
known formula 
i 
A t  p r e s s u r e s  less than one atmosphere t h e  vapor may be  assumed t o  
A 
f i  - Pi - Yip (5.16) 
A t  h ighe r  p re s su res ,  i d e a l  behavior cannot be  assumed. A s  a means t o  account 
f o r  non- idea l i ty ,  t h e  o f t e n  used L e w i s  and Randal l  r u l e  may be  assumed, and 
as a r e s u l t  t h e  f u g a c i t y  of a component i s  given by t h e  r e l a t i o n  
A 
fi  - Y i  f i  Y (5.17) - 
where f 
i 
and temperature  ( o f t e n  a f i c t i t i o u s  s t a t e )  as t h e  s o l u t i o n .  
may be  c a l c u l a t e d  from d a t a  of  s t a t e  f o r  t h e  component, us ing  t h e  formula,  
i s  t h e  f u g a c i t y  of  t h e  pure component a t  t h e  same t o t a l  p r e s s u r e  
The f u g a c i t y  
P 
RT I n  f = RT In p - f ( E -  VI dP, P 
0 
where t h e  i n t e g r a l  is  t o  be  evaluated a t  cons t an t  temperature .  
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The corresponding v a l u e  of t h e  a c t i v i t y  c o e f f i c i e n t  of t h e  second 
component i n  t h e  mixture  may be computed by means of an i n t e g r a t e d  form of 
t h e  Gibbs-Duhem e q u a t i o n :  
A -  
(5.19) 
x .=o  
1 
The v a l u e s  of t h e  a c t i v i t y  c o e f f i c i e n t s  t h u s  obtained must be 
c o r r e l a t e d  as f u n c t i o n s  of temperature and composition t o  permit a c c u r a t e  
i n t e r p o l a t i o n  and e x t r a p o l a t i o n .  
c o r r e l a t i o n s  i s  t o  expres s  t h e  excess f ree  energy of mixing as a power series 
i n  composition a t  cons t an t  t empera tu re .  
r e l a t e d  t o  t h e  a c t i v i t y  c o e f f i c i e n t s  through equa t ions  (5.13) and (5.14),  
t h e  fol lowing equa t ions  may be der ived:  
A common technique f o r  d e r i v i n g  such 
Since t h e  excess  f r e e  energy is  
22 
I n  y1 + x E = x2  [ B  - C(4x2- 3) + D(2x2- 1)(6x2- 5) 
2 
-E(2x2- 1) 2 ( 8 ~ ~ -  7 )  + I ,  (5.20) 
- x2 [ B  + C(4x1- 3) + D(2x1- 1)(6x1- 5) I n  y 2  - xl€ 1 
+ E(2x1- 1 )  2 ( 8 ~ ~ -  7)  i- I ,  (5.21) 
where B,  C ,  D,  E ,  e t c ,  are func t ions  of temperature  and E i s  de f ined  as 
E z - *  "mix 
RT dxl 
I n  t h i s  d e f i n i t i o n ,  AV 
t h e  s l o p e  of t h e  curve,  t o t a l  p re s su re  v e r s u s  composition a t  cons t an t  
temperature .  O r d i n a r i l y ,  AVmix i s  s m a l l ,  and t h e  terms EX and EX are 
n e g l i g i b l e .  
i s  the  volume change of mixing, and (dp/dxl) is  mix 
1' 2 
22 
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5.3 L I Q U I D  REGION 
A c t i v i t y  c o e f f i c i e n t s  f o r  t h e  components i n  l i q u i d  Aerozine-50 
can be  computed by t h e  technique  j u s t  descr ibed .  S ince  t h e  composi t ion of 
t h e  l i q u i d  i s  i n v a r i a n t  throughout t h i s  r eg ion ,  on ly  t h e  tempera ture  depen- 
dency need be  considered.  
accomplished by us ing  equa t ions  (5.9) through (5.12). 
The c a l c u l a t i o n  o f  en tha lpy  and en t ropy  i s  
5.4 SOLID-VAPOR REGION 
Within t h e  solid-vapor reg ion ,  t h e  composition of t h e  equ i l ib r ium 
vapor  phase can be  computed from t h e  t o t a l  p r e s s u r e  and t h e  vapor p r e s s u r e  
of s o l i d  hydrazine,  
(5.22) 
0 where y 
p r e s s u r e  of s o l i d  hydrazine.  A t  t h e  sol id-vapor ,  vapor boundary, t h e  vapor  
composi t ion i s  t h a t  of Aerozine-50 (0.348 mole pe rcen t  UDMH and 0.652 mole 
p e r c e n t  hydraz ine) ,  and a p p l i c a t i o n  of equa t ion  (5.22) y i e l d s  t h e  formula,  
i s  t h e  m o l e  f r a c t i o n  of UDMH i n  t h e  vapor and ph i s  t h e  vapor 
U 
(5.23) 
Therefore  t h e  dew p o i n t  curve  f o r  t h i s  r eg ion  can be c a l c u l a t e d  from t h e  
d a t a  f o r  t h e  vapor p r e s s u r e  of hydrazine,  a lone .  
S ince  on ly  s o l i d  hydrazine i s  p r e s e n t ,  t h e  p r e s s u r e  v a r i a t i o n  a long  
the curve  connect ing p o i n t s  QP and PTPI, i n  F igu re  3 . 1 ,  can b e  computed from 
t h e  r e l a t i o n s h i p  
(5.24) 
where y i s  given by one o f  t h e  equat ions  (5.20) o r  (5.21). The r e q u i r e d  
v a l u e s  of x have been determined exper imenta l ly  (Sec t ion  4.2). Because 
U 
U 
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the t o t a l  p r e s s u r e  i s  low a long  t h i s  curve,  t h e  vapor  h a s  been assumed t o  
be i d e a l .  The curve  from PTPI t o  PTPII r e p r e s e n t s  t h e  f r e e z i n g  of t h e  
p a r t i a l l y  condensed vapor t o  form s o l i d  hydrazine.  The composi t ion along 
t h i s  curve  i s  t h e r e f o r e  de f ined  by t h e  cond i t ion  y = 1, which i f  introduced 
i n t o  equa t ions  (5.20) and (5.21) pe rmi t s  c a l c u l a t i o n  of the composition. 
S u b s t i t u t i o n  of t h e s e  v a l u e s  i n t o  equa t ion  (5.24) g i v e s  t h e  p r e s s u r e  along 
t h i s  curve.  
t o  PTPI I  i s  t h e  f r e e z i n g  p o i n t  of pure  hydrazine,  34.7'F, and the  pressure  
computed from equa t ion  (5.23) i s  7.6 t o r r .  
h 
Moreover i t  may b e  shown t h a t  t h e  tempera ture  corresponding 
The curve  extending downward and t o  t h e  l e f t  of QP i n  Figure 3.1 
r e p r e s e n t s  t h e  sum of t h e  vapor  p re s su res  of hydraz ine  ( S I )  and t h e  e u t e c t i c  
( S I I ) .  S ince  t h e  l a t t e r  i s  94 m o l e  percent  UDMH, t h e  curve  is  ve ry  nea r ly  
i d e n t i c a l  w i th  t h e  sum of t h e  vapor p r e s s u r e s  of s o l i d  hydraz ine  and s o l i d  
UDMH . 
The v a l u e s  f o r  en tha lpy  and en t ropy  of t h e  vapor  i n  t h i s  reg ion  
The en tha lpy  may be computed by t h e  techniques desc r ibed  i n  Sec t ion  5.1. 
and en t ropy  of s o l i d  hydraz ine  a r e  given by t h e  formulas:  
Hh ( s o l i d )  
and 
0 
+ In Ph Y 
Sh(so l id )  = So(T) -  AHsub 
T 
(5.25) 
(5.26) 
where, aga in ,  t h e  vapor h a s  been assumed t o  be  i d e a l  because of t h e  low 
p r e s s u r e s  involved. The thermodynamic p r o p e r t i e s  of t h e  e u t e c t i c  may be  
e s t ima ted  from similar  formulas.  
5.5 SOLID-LIQUID 
The en tha lpy  and entropy of t h e  l i q u i d  phase may be  computed from 
equa t ions  (5.9) through (5.12) according t o  t h e  techniques  d i scussed  i n  
S e c t i o n  5.2. The corresponding va lues  f o r  t h e  s o l i d  phase,  hydraz ine ,  may 
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be computed from equa t ions  (5.25) and (5.26).  
The composi t ion of t h e  l i qu id  w i t h i n  t h i s  r eg ion  may be  computed 
from t h e  requirement  t h a t  t h e  p a r t i a l  molar f r e e  e n e r g i e s  of t h e  hydrazine 
i n  s o l u t i o n  and i n  t h e  p u r e -  s o l i d  phase are  equal .  From equa t ions  (5.11) 
through (5.14) i t  may be shown tha t  t h i s  requirement reduces  t o  t h e  re- 
l a t  i onsh ip  
(5.27) 
Assuming t h a t  t h e  c o r r e l a t i o n s  der ived f o r  t h e  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  
l iquid-vapor  r eg ion  are  v a l i d  i n  t h i s  reg ion ,  a l s o ,  equa t ion  (5.20) to- 
ge the r  w i th  equa t ion  (5.27) permit t h e  c a l c u l a t i o n  of composi t ion a t  any 
g iven  temperature .  
5.6 SOLID REGION 
S ince  t h e  composition of t h e  e u t e c t i c ,  S I I ,  is  known, a technique 
s i m i l a r  t o  t h a t  d i scussed  i n  t h e  previous s e c t i o n  may be  used t o  e s t a b l i s h  
t h e  S I  - S I I ,  S I  - L boundary and t o  c a l c u l a t e  t h e  d e s i r e d  va lues  of en- 
t h a l p y  and en t ropy  i n  t h e  S I  - S I 1  region.  
5-8 
. ' ATLANTIC RESEARCH CORPORATION 
A L E X A N D R I A , V I R G I N I A  
I 
TABLE 5.1 
NOMENCLATURE 
F - Free energy,  BTU/lb-mole 
€ - Fugaci ty ,  p s i a  
H - Enthalpy, Btu/lb-mole 
H - I d e a l  gas  en tha lpy ,  Btu/lb-mole 
0 
p - Pressure ,  p s i a  
- C r i t i c a l  p re s su re ,  ps ia  PC 
0 
p - Vapor p re s su re ,  ps ia  
0 
R - Universal  gas  cons t an t ,  1.987 Btu/lb-mole F 
S - Entropy, Btu/lb-mole F 
0 0 
S - I d e a l  gas  en t ropy ,  Btu/lb-mole R 
T - Temperature, F 
Tc - C r i t i c a l  temperature ,  F 
0 
0 
0 
y - Vapor composition, mole f r a c t i o n  
x - Liquid composition, mole f r a c t i o n  
V - Molar volume, cu.f t . /mole 
y - A c t i v i t y  c o e f f i c i e n t ,  def ined by equa t ion  (5-15) 
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NOMENCLATURE (Continued ) 
S u p e r s c r i p t s  
b a r  c) i n d i c a t e s  p a r t i a l  molar q u a n t i t y  
S u b s c r i p t s  
h - hydrazine 
u - unsymmetrical dimethylhydrazine (UDMH) 
H - entha lpy  func t ion  
S - ent ropy  func t ion  
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I. 
6.0 PROPOSED EXPERIMENTS AND APPARATUS 
It is  c l e a r  from t h e  d i scuss ion  i n  s e c t i o n s  3.0 and 4.0 t h a t  
much a d d i t i o n a l  d a t a  must b e  determined i n  o r d e r  t o  compute t h e  thermodynamic 
p r o p e r t i e s  of Aerozine-50. 
and t h e  experimental  techniques p r e s e n t l y  planned t o  perform t h e s e  measure- 
ments are d i scussed  i n  t h e  following subsec t ions .  
w i l l  c o n s i s t  of t h e  measurement of t h e  p-V-T p r o p e r t i e s  of t h e  vapor,  t h e  
d e n s i t y  of t h e  l i q u i d  phases ,  and vapor- l iquid e q u i l i b r i a .  Most measurements 
w i l l  be  made a t  p r e s s u r e s  below t h r e e  atmospheres. When necessa ry  t o  confirm 
c o r r e l a t i o n s  f o r  t h e  d a t a ,  a f e w  a d d i t i o n a l  measurements w i l l  be  made a t  
p r e s s u r e s  between t h r e e  t o  twenty atmospheres. 
The a d d i t i o n a l  measurements which are r e q u i r e d  
The experimental  e f f o r t  
6 .1  PROPOSED EXPERIMENTS 
6.1.1 Vapor Region 
Since t h e  i d e a l  gas p r o p e r t i e s  of hydrazine and UDMH are a v a i l a b l e ,  
only p-V-T d a t a  f o r  A-50 vapor m u s t  be  obtained.  It i s  planned t o  determine 
t h e s e  d a t a  us ing  t h e  constantrvolume vessel shown schemat i ca l ly  i n  F igu re  6.1. 
The ad jus t ed  v a r i a b l e s  w i l l  be  temperature ( c o n t r o l l e d  by a thermostated 
b a t h  o r  oven) and s p e c i f i c  volume (determined by t h e  measured weight of charge 
i n  t h e  vessel) ,  The p r e s s u r e  corresponding t o  a given set  of t h e s e  f i x e d  
cond i t ions  is  t h e  dependent v a r i a b l e .  
The d a t a  ob ta ined  w i l l  be  used t o  check t h e  a p p l i c a b i l i t y  of t h e  
Redlich-Kwong equa t ion  of s t a t e ,  equat ion (5 .1 ) ,  i n  which a c t u a l  o r  es t imated 
va lues  of T c ,  w, and b f o r  t h e  components are used. 
planned t o  make a series of f o u r  measurements of p r e s s u r e  v e r s u s  s p e c i f i c  
volume along a high-temperature (~250'F) isotherm. I f  t h e  d a t a  prove t h e  
equat ion t o  be i n a p p l i c a b l e  i n  t h i s  form, then similar measurements a long 
two a d d i t i o n a l  isotherms w i l l  b e  performed t o  permit c o r r e l a t i o n  of t h e  
d a t a  of s t a t e  i n  t h e  same form as t h e  Redlich-Kwong equat ion.  
For t h i s  purpose, i t  is  
I n  o rde r  t o  determine t h e  v a r i a t i o n  of t h e  cons t an t s  f o r  t h e  
r e s u l t i n g  equa t ion  ( o r  c o r r e l a t i o n )  w i th  t h e  composition, s i m i l a r  measurements 
w i l l  be  r epea ted  w i t h  UDMH-rich vapors,  a t  two compositions. 
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6.1.2 Vapor-Liquid Region 
The v e s s e l  employed i n  ob ta in ing  the  p-V-T measurements w i l l  be 
so designed t h a t  i t  may be used f o r  performing t h e  phase e q u i l i b r i a  e x p e r i -  
ments a l s o .  The experiments w i l l  involve measuring the  t o t a l  vapor p re s su re  
and t h e  phase compositions corresponding t o  va r ious  va lues  of temperature.  
These d a t a  toge the r  with equa t ion  (5.15) w i l l  be used t o  c a l c u l a t e  
va lues  of y a s  a f u n c t i o n  of temperature and composition. The r e s u l t i n g  
y-x d a t a  w i l l  be c o r r e l a t e d  by means of equa t ions  (5.21) and (5.22).  It 
i s  expected t h a t  only t h r e e  terms of the series i n  equa t ions  (5.21) and 
(5.22) need be r e t a i n e d  and t h a t  the c o n s t a n t s  a r e  l i n e a r  func t ions  of 
temperature.  Therefore ,  a s e r i e s  of nine experiments a r e  planned, involving 
t h r e e  va lues  of l i q u i d  composition a t  each of t h r e e  temperatures .  
6.1.3 Liquid Region 
The d e n s i t y  of A-50 l i q u i d  w i l l  be determined a s  a func t ion  of 
temperature by weighing the  l i q u i d  required to  t o t a l l y  f i l l  a s m a l l  v e s s e l  
of known volume. Four such measurements a r e  planned, s i n c e  l i q u i d  d e n s i t y  
i s  o r d i n a r i l y  a q u a d r a t i c  funct ion of temperature over a r a t h e r  w i d e  range. 
S i m i l a r  measurements a r e  planned f o r  hydraz ine - r i ch  s o l u t i o n s  i n  o rde r  t o  
determine the  volume of compositions i n  the l i qu id -vapor  region.  
6.2 APPARATUS AND PROCEDURE 
A s  p r e s e n t l y  planned, the experiments t o  determine p-V-T proper- 
t i e s  and vapor - l iqu id  e q u i l i b r i a  w i l l  be performed i n  a n  appa ra tus  c o n s i s t i n g  
of a cons t an t  volume c e l l ,  a cons t an t  temperature ba th ,  sample t r a p s  and a 
charge v e s s e l .  The arrangement of these components, t oge the r  w i th  the 
a s s o c i a t e d  in s t rumen ta t ion  f o r  the experiments,  a r e  shown schemat i ca l ly  i n  
Figure 6-1. 
The c o n s t a n t  volume c e l l  i s  t o  be a t h i ck -wa l l  v e s s e l  and w i l l  be 
cons t ruc t ed  from 6061-T6 aluminum o r  some o t h e r  a l l o y  which proves t o  be 
compatible wi th  UDMH-hydrazine mixtures.  (Planned experiments t o  demonstrate 
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c o m p a t i b i l i t y  are  desc r ibed  i n  Sect ion 6 . 5 ) .  
window a t  one end t o  permit  v i s u a l  obse rva t ion  of t h e  phases p r e s e n t .  I n  
o rde r  t o  i n s u r e  t h e  establ ishment  of equ i l ib r ium,  t h e  c o n t e n t s  of t h e  c e l l  w i l l  
be s t i r r e d  by a f l a t ,  magnet ical ly  d r iven  paddle ,  which r evo lves  about t h e  
h o r i z o n t a l  ( long)  axis and sweeps the  e n t i r e  volume of t h e  ce l l .  The sampling 
va lves  are t o  be i n s e r t e d  i n  t h e  w a l l s  of t h e  ce l l  i n  o r d e r  t o  minimize t h e  
u n s t i r r e d  spaces  between t h e  i n t e r i o r  of c e l l  and t h e  v a l v e  seats. 
The c e l l  w i l l  have a Pyrex 
The p r e s s u r e  of t h e  contents  of t h e  c e l l  w i l l  b e  measured w i t h  a 
v a r i a b l e  re luctance-type t ransducer  which has  a minimum r e s o l u t i o n  of about 
0.057 t o r r .  During t h e  low-temperature experiments,  t h i s  t r ansduce r  w i l l  be  
mounted on t h e  o u t e r  s u r f a c e  of the c e l l  and w i l l  be  connected t o  t h e  vapor 
space i n  t h e  c e l l  through a s m a l l - d i a m e t e r  p o r t  d r i l l e d  through t h e  w a l l .  
p r o t e c t  t h e  t r ansduce r  during t h e  experiments a t  h ighe r  temperatures ,  t h e  
t r ansduce r  w i l l  be mounted o u t s i d e  of t h e  b a t h  (Figure 6.1) .  I n  t h i s  ca se ,  
p r e s s u r e  w i l l  b e  sensed through an o i l - f i l l e d  l i n e  and a diaphragm, i n  t h e  
c e l l  w a l l ,  which s e p a r a t e s  t h e  o i l  and con ten t s  of t h e  c e l l .  
To 
The t r ansduce r  w i l l  b e  c a l i b r a t e d  d i r e c t l y  wi th  s t anda rd  p r e s s u r e  
gages such as a McLeod-type vacuum gage, Bourdon-tube p r e s s u r e  gages,  open- 
end U-tube manometers, etc.  When the  t r ansduce r  is  t o  be used wi th  an 
i s o l a t i n g  diaphragm and o i l  f i l l e d  l i n e ,  t h e  e n t i r e  assembly w i l l  be  c a l i b r a t e d  
as a u n i t ,  
The temperature of t h e  c e l l  w i l l  b e  c o n t r o l l e d  by immersing i t  i n  
a thermostated b a t h  whose temperature w i l l  b e  measured wi th  a c a l i b r a t e d  
thermometer. S e v e r a l  thermocouples, which w i l l  b e  imbedded i n  t h e  t h i c k e s t  
p o r t i o n s  of t h e  w a l l  of t h e  ce l1 ,wi th  t h e i r  beads l o c a t e d  very nea r  t h e  
inne r  s u r f a c e ,  w i l l  be  used t o  check t h e  establ ishment  of thermal equ i l ib r ium 
throughout t h e  c e l l .  
P r i o r  t o  charging t h e  constant-volume c e l l ,  t h e  en t i r e  system of 
c e l l ,  sample t r a p s ,  charging vessel and connect ing l ines  (F igu re  6-1) w i l l  
b e  purged wi th  u l t r a - p u r e  n i t r o g e n  gas and then  evacuated t o  a p r e s s u r e  of 
about 0.01 t o r r .  The charging v e s s e l  w i l l  b e  f i l l e d  wi th  t h e  d e s i r e d  l i q u i d ,  
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weighed on an a n a l y t i c  balance and then connected t o  t h e  system. The c e l l  
w i l l  be f i l l e d  w i t h  l i q u i d  t o  t h e  d e s i r e d  l e v e l  by opening t h e  a p p r o p r i a t e  
va lves  and h e a t i n g  t h e  charging v e s s e l  ( i f  necessary)  u n t i l  t h e  vapor p r e s s u r e  
of t h e  l i q u i d  con ten t s  exceeds the p r e s s u r e  i n  t h e  c e l l .  The weight of 
material  charged i n t o  t h e  ce l l  w i l l  be  determined by f r e e z i n g  and then  re- 
weighing t h e  charging vessel. 
The experiments w i l l  be conducted by a d j u s t i n g  t h e  b a t h  temperature  
t o  t h e  d e s i r e d  v a l u e  and then  wa i t ing  u n t i l  e q u i l i b r a t i o n  of t h e  temperature  
and p r e s s u r e  i n  t h e  c e l l  has  been achieved. Then samples of t h e  v a r i o u s  
phases ( i f  more than one) w i l l  be withdrawn f o r  q u a n t i t a t i v e ,  chemical 
a n a l y s i s .  A t  t h i s  p o i n t ,  one experiment i s  complete. Another experiment may 
be conducted by changing t h e  temperature o r  by t h e  a d d i t i o n  ( o r  removal) of 
l i q u i d .  
i n  o r d e r  t h a t  t h e  t o t a l  mass of hydrazine and UDMH i n  t h e  c e l l  is  known f o r  
each experiment. 
A complete inventory of l i q u i d  charged and removed w i l l  b e  maintained 
6 . 3  PREPARATION AND PURIFICATION OF UDMH AND HYDRAZINE 
A t  p r e s e n t ,  i t  i s  bel ieved t h a t  s u f f i c i e n t  p u r i f i c a t i o n  can b e  
accomplished by a s imple ba t ch  d i s t i l l a t i o n  of t h e  commercially a v a i l a b l e  
hydrazine and UDMH. A flow diagram of a s u i t a b l e  d i s t i l l a t i o n  appa ra tus  f o r  
t h i s  purpose is shown i n  F igu re  6.2.  I n  o p e r a t i o n ,  t h e  system is purged wi th  
u l t r a -pu re  n i t r o g e n ,  and then t h e  p r e s s u r e  is  lowered enough t o  draw a charge 
i n t o  t h e  b o i l e r  through t h e  f i l l i n g  l i n e .  A t r a p  t o  c o l l e c t  t h e  product  is 
immersed i n  a b a t h  whose temperature i s  s l i g h t l y  h ighe r  than t h e  f r e e z i n g  
p o i n t  of t h e  product.  
t r a p  and accordingly only t h e  permanent gases  w i l l  l e a v e  the  system. 
A "light-ends" t r a p  is immersed i n  a l i q u i d  n i t r o g e n  
To perform t h e  d i s t i l l a t i o n ,  t h e  b o i l e r  i s  immersed i n  a w a r m  water 
b a t h  and t h e  p r e s s u r e  of t h e  system i s  lowered u n t i l  b o i l i n g  occurs .  During 
t h e  d i s t i l l a t i o n ,  t h e  temperature of t h e  warm water ba th  and t h e  cold ba th  
are c a r e f u l l y  maintained t o  minimize t h e  need f o r  r e g u l a t i n g  p r e s s u r e .  
To d a t e ,  propel lant-grade hydrazine has been d i s t i l l e d  i n  a crude 
v e r s i o n  of t h i s  system. Gas-chromatographic ana lyses  i n d i c a t e d  t h a t  a s i n g l e  
d i s t i l l a t i o n  produced a s i g n i f i c a n t  r educ t ion  i n  t h e  concen t r a t ion  of 
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i m p u r i t i e s ,  i nc lud ing  water and amines. Consequently, i t  appears  t h a t  
hydrazine of s u f f i c i e n t  p u r i t y  can be obtained by a s i n g l e  d i s t i l l a t i o n .  
S i m i l a r  r e s u l t s  are expected f o r  UDMH. 
6 . 4  ANALYSIS OF SAMPLES 
The a n a l y s i s  of t he  l i q u i d  and vapor samples probably w i l l  be  
performed by means of gas chromatography. A column f o r  s e p a r a t i n g  hydrazine 
and UDMH mixtures  a l r eady  has been developed. 
r e s o l u t i o n  of 0.001 mole f r a c t i o n  can b e  achieved. 
With proper c a l i b r a t i o n ,  a 
6.5 DECOMPOSITION STUDIES 
A s  i n d i c a t e d  i n  Sec t ion  3 . 0 ,  both hydrazine and UDMH are s u s c e p t i b l e  
t o  homogeneous and heterogeneous decomposition. Therefore ,  a few s t a b i l i t y  
tests are t o  be performed i n  o rde r  t o  determine t h e i r  c o m p a t i b i l i t y  w i t h  
cand ida te  materials f o r  t h e  cons t ruc t ion  of t h e  experimental  apparatus .  
The appa ra tus  t o  be employed f o r  t h i s  purpose i s  shown diagrammatically 
i n  Figure 6 . 3 .  It c o n s i s t s  of a heated p r e s s u r e  v e s s e l ,  which w i l l  con ta in  
t h e  samples of t he  cand ida te  m a t e r i a l s  and t h e  f u e l  mixture.  To perform t h e  
experiments,  t h e  samples w i l l  be placed i n  t h e  v e s s e l .  Next, t h e  e n t i r e  system 
w i l l  b e  purged wi th  n i t r o g e n  gas ,  evacuated t o  a p r e s s u r e  of approximately 
0 . 0 1  t o r r ,  f i l l e d  t o  h a l f - f u l l  with t h e  f u e l  mix tu re  under i t s  own vapor 
p r e s s u r e ,  and then s e a l e d  by c los ing  t h e  a p p r o p r i a t e  va lves .  The v e s s e l  
w i l l  then b e  removed from t h e  system, wrapped i n  an e lec t r ic  hea t ing  mantle,  
and heated t o  a given temperature while  c a r e f u l l y  monitoring t h e  p re s su re .  
The v e s s e l  and i ts  con ten t s  w i l l  be he ld  a t  t h i s  temperature  f o r  about f o u r  
hours.  During t h i s  p e r i o d ,  the p res su re  w i l l  b e  recorded a t  va r ious  t i m e s  
( an  i n c r e a s e  i n  p r e s s u r e  a t  cons t an t  temperature i s  an i n d i c a t i o n  of 
decomposition of t h e  f u e l ) ,  A t  t he  end of t h i s  p e r i o d ,  t h e  mantle w i l l  be 
removed, p e r m i t t i n g  t h e  vessel t o  cool  u n t i l  t h e  p re s su re  is  low enough t o  
s a f e l y  e x t r a c t  l i q u i d  and vapor samples. 
decomposition products  (ammonia and amines). 
These w i l l  be  analyzed f o r  
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At present, it is planned to test the following candidate 
materials: 
(1) TFE Teflon 
(2) 304 and 316 stainless steel 
(3) Pyrex 
( 4 )  6061-T6 aluminum. 
On the basj.s of information found in the literature,20 these materials appear 
to be the least reactive with hydrazine compounds. 
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7 .O PRESENTATION OF PROPERTY DATA 
De ta i l ed  t a b u l a t i o n s  of t he  thermodynamic property v a l u e s  w i l l  
be made , i n d i c a t i n g  corresponding p res su res ,  temperatures ,  and phase com- 
p o s i t i o n s .  S u f f i c i e n t l y  small i n t e r v a l s  w i l l  be used t o  permit a c c u r a t e ,  
l i n e a r  i n t e r p o l a t i o n  between t abu la t ed  values .  I n  a d d i t i o n ,  s k e l e t a l  
p re s su re -en tha lpy ,  temperature-entropy and pressure- temperature  diagrams 
w i l l  be presented.  A l l  of these data  w i l l  be reported i n  s tandard 
eng inee r ing  u n i t s  (Btu, OF, p s i a ,  and weight f r a c t i o n s ,  e t c . ) .  
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